Introduction: the Importance of Compositional Evolution
[2] The evolution of ocean island volcanoes is important not only because the regular changes constitute one of their most fundamental attributes, but these changes have also led to major breakthroughs in the development of modern ideas on magma generation, and, in particular, the dynamics of deeply-rooted mantle plumes. From the time that they emerge from the deep seafloor until they go extinct, most ocean island volcanoes experience changes in eruptive styles and rates, variations in magma composition, and shifts in the isotopic and trace element compositions of the lavas.
[3] Nowhere is the evolution of ocean island volcanoes better known than Hawaii, where the pioneering work of Stearns [1946] showed that the volcanoes progress through a sequence of stages, including emergence from the submarine phase, then tholeiitic shield-building, alkaline shield-modifying, and finally posterosional activity. Accompanying the change in eruptive style, a systematic compositional evolution has also been demonstrated at timescales ranging from days [Garcia et al., 1989 ] to centuries [Kurz and Kammer, 1991; Pietruzska and Garcia, 1999a ] to hundreds of thousands of years [McDonald and Katsura, 1964] . As other archipelagos are investigated in detail, similarly consistent changes in the eruptive styles and compositions are being discovered (e.g., Reunion:
Albarede et al. [1997] ; Kerguelen: Weis et al. [1998] ; Canaries: Hoernle and Schmincke [1993] ).
[4] In the Galápagos archipelago, such a picture of consistent volcanic, petrologic, and geochemical evolution is not nearly so clear. Variations in ages, volcano morphology, petrology, and geochemistry do correlate with the direction of plate motion. The western volcanoes are younger, higher in altitude, steeper, and have calderas. In contrast, the volcanoes to the east are generally older, lower in elevation, have more subdued shields, and lack calderas [McBirney and Williams, 1969] . Likewise, the volcanoes in the western part of the archipelago generally erupt compositionally-uniform tholeiitic lavas, whereas those to the east erupt lavas of more diverse composition, ranging from tholeiitic to alkaline [e.g., Geist et al., 1988; White et al., 1993; Harpp and White, 2001 ].
[5] The west-to-east differences in magmatic compositions are not necessarily caused by different stages of evolution, however. According to this hypothesis, western-like shields underlie the younger rocks that cap Santiago, Santa Cruz, Floreana, and San Cristobal volcanoes (Figure 1 ). Another possibility, though, is that each of the volcanoes in the Galápagos is fundamentally distinct throughout its life. In this case, the differences in eruptive style and composition are due to differences in lithospheric structure, variable interaction with the migrating Galápagos Spreading Center, and transient plume processes. Erosion in the arid Galápagos is minimal, thus there is no access to the older lavas on the eastern shields, so this hypothesis is difficult to test. Compositional evolution has been addressed at several of the western shields, however. Geologic mapping and petrologic study of Alcedo [Geist et al., 1994] , Sierra Negra , Cerro Azul , and Wolf have established a reasonably-constrained stratigraphy at each volcano. No regular change in the compositions of the lavas with time has been recognized at the latter three volcanoes. Alcedo is exceptional, because rhyolite has erupted in the younger episode of activity, which has been attributed to it being in a late stage of evolution . Likewise, a comprehensive study of the historic lavas from Fernandina volcano reveal remarkably little compositional variation [Allan and Simkin, 2000] .
[6] Volcan Ecuador, at the northwest tip of Isabela Island (Figure 1 ), provides a unique opportunity to explore volcanic and petrologic evolution, because it has an unusually accessible caldera wall, and the caldera floor is dissected. Further, the volcano is small and at the leading edge of the northern part of the archipelago, ''upstream'' of the much more active Wolf and Santiago volcanoes. Therefore, stratigraphic sampling combined with detailed geologic mapping and geochemical analyses should reveal how Galápagos volcanoes evolve, particularly in their early shield-building stages. Another attribute of Volcan Ecuador that makes it a target in a search for compositional evolution is that several reconnaissance samples indicated that its lavas have relatively enriched isotopic signatures . This contrasts with neighboring Wolf volcano, where lavas are the most depleted of all of the western Galápagos volcanoes . Thus, one might predict that Ecuador's lavas might become increasingly depleted with time, as it is carried toward a Wolf-like mantle domain.
Tectonic Setting
[7] The Galápagos Islands are a hot spot-related chain that lies just to the south of the Galápagos Spreading Center, a divergent plate boundary that separates the Cocos plate to the north from the Nazca plate to the south (Figure 1 ). The absolute motion of the Nazca plate is 37 km/my at 91° [ Gripp and Gordon, 1990] , thus the youngest vol- canoes are found at the western end of the archipelago. Extrapolation of magnetic stripes suggests that Volcan Ecuador lies on lithosphere that is approximately 8 million years old [Wilson and Hey, 1995] . Gravity and plate-flexure models suggest that the crust supporting Volcan Ecuador is about 11 km thick [Feighner and Richards, 1994] . Volcan Ecuador abuts Volcan Wolf, which is very active, morphologically youthful, and the highest volcano in the archipelago. Volcan Ecuador, in contrast, has a remarkably eroded appearance (Figure 2 ), which led McBirney and Williams [1969] to conclude that it was older than its neighbors. Nevertheless, many young flows occur in the former caldera, the northern apron, and the peninsula that connects it to Wolf. Because of this, the low elevation of the volcano ($800 meters), and the absence of volcanoes to the west, we believe that Volcan Ecuador is probably younger than its neighbors and in a juvenile, shield-building stage.
Geology of Volcan Ecuador
[8] The most striking aspect of Volcan Ecuador is that its western half is missing; the remaining eastern half has most of the characteristics of the Galápagos shield volcanoes, including unusually steep upper slopes, circumferential dikes, and a proportionately-large caldera (Figures 2, 3 , and 4).
Geologic Units
[9] We have divided Volcan Ecuador into 6 geologic units on the basis of age, geographic location, and characteristic features observed in the field (Figures 2 and 3) . They are discussed in order of decreasing age.
Caldera Rim Lavas
[10] The oldest lavas of Volcan Ecuador are best exposed in the cliffs of the prominent west-facing amphitheater, which we interpret as a former caldera wall, and on the outer steep slope of the volcano, where mass wasting has exposed them (Figures 2, 3 , and 4). Most of these lavas are 0.5 to 2.5 m thick pahoehoe flows, although about 20% are a'a. Owing to the severe terrain of the caldera walls, we were not able to measure the lateral extent of individual lavas, but most are at least tens of meters wide. We estimate that roughly 150 (±50) individual flow units are exposed in the easternmost part of the amphitheater. Within the amphitheater wall, the lavas are subhorizontal, with dips <4°. The lavas exposed on the outer flanks have outward primary dips ranging up to about 15°. Block that has slumped from the caldera rim can be seen perched 2/3 of the way up the cliff. Dark lavas of the younger intracaldera series are visible in the foreground. The tuff cone Cerro Grande is to the left. Sector collapse occurred along a fault that coincides with the west coast of the volcano. Note the asymmetry (west is lower) of the caldera rim; this is the primary dip direction of most of the caldera wall lavas.
The lavas exposed in the amphitheater and those of the outer slopes do not dip perfectly radially; there is a skewing of the primary dips to the east, suggesting that the western part of the volcano has been topographically lower for most of the emergent history of the volcano. The thicknesses, attitudes, and vesicle distributions in these lavas resemble those ''rim-facies'' lavas that have been identified in the caldera walls at Cerro Azul and Wolf volcanoes. They are similar to lavas that are erupted from circumferential fissures cutting the summit platforms of the active shields, which tend to be thin and dominated by pahoehoe. Rim facies lavas flow from these eruptive fissures both outwards and inward down the caldera wall, then are (Top) The volcano originally had the morphology of a typical Galápagos shield, with a large caldera. The west rim was lower than the east rim, as indicated by the skewness of the dip of rim-facies lavas currently exposed in the caldera walls. (Middle) Half of the volcano slides 3000 m down the western margin of the Galápagos platform, bisecting the volcano. (Bottom) Recent eruptions mostly occur from the old caldera floor (unit IC), the northern apron (not included in this section), and the newly-formed East Rift (ER).
cut by younger caldera collapse and rock avalanching. Although circumferential vents are notably absent from the summit of Volcan Ecuador (Figure  2 ), numerous dikes strike subparallel to the caldera wall. Our interpretation is that late-stage mass wasting of the caldera wall removed circumferential vents and exposed the dikes.
[11] The caldera rim lavas are stratigraphically the oldest exposed on Volcan Ecuador. One of the (Figure 2 ). This cluster of ages from widely-separated lavas suggests that the Volcan Ecuador shield began growing about 100 Ka and grew rapidly. The rapid increase in subaerial volume may have led to gravitational instability and the sector collapse that followed.
[12] Cosmogenic 3 He exposure ages [Kurz, 1986] were determined on two samples from the exposed interiors of caldera rim lavas, one from midway up the caldera wall (Section 1 in Figure 2 ) and one from the base of a steep cliff in the outer part of the shield (Section 3 in Figure 2 ). Two splits from the sample from the outward-facing cliffs yield ages of 3400 ± 800 and 800 ± 300 years ( Table 1 ). The sample from the caldera wall yields an age of 2800 ± 400 y. Note that the stated uncertainties reflect only measurement uncertainties, and that geological factors (such as erosion) and the production-rate scaling contribute significantly to the uncertainties. In particular, the caldera wall ages are minimum estimates of the solidification because they are obtained on cliffs exposed by caldera faulting and mass wasting. The exposure ages are far younger than the 39 Ar/ 40 Ar age measured on samples from the same stratigraphic units, and are consistent with recent mass wasting from the cliffs. The lack of extensive talus piles beneath the outward-facing cliffs suggests that the talus is quickly buried by lava flows, and thus that the outer apron flows are less than several millenia old.
[13] Dozens of dikes cut the caldera wall section and are also well exposed on the cliffs of the south shore, east of Punta Vincente Roca. The ones we inspected range in thickness from 0.2 to 2.4 m. The dikes strike subparallel to the caldera wall, indicating that they fed circumferential fissures that characterize all of the Galápagos shields. An interesting aspect of these dikes is that not one of the dozens we observed intrudes a fault: nowhere are the contacts between flows offset across a dike. This provides strong support for the contention of Chadwick and Howard [1991] and that the dikes do not follow caldera-forming faults but instead create their own fractures and are guided by stresses set up by the caldera walls and steep outer slopes.
[14] Volcan Ecuador has a smooth, slightly eastdipping summit platform. A younger cone and flow lie on top of the platform, and the platform is cut by four large pit craters that align with the East Rift. The pit craters are not eruptive vents but are collapse features. They expose thin, outward-dipping flows (B. Nolf, personal communication, 2001 ).
[15] A large (2 km-long by 400 m wide) block is perched part way up the southeast caldera wall (''Slump Block'' in Figure 3b ). This block is fractured and is rotated so it now dips inward, and the lavas are rim-facies and not caldera-floor facies. Thus, the block has slumped from the summit.
[16] The steep outer flanks on the eastern side of the shield are formed by unusual triangular flatirons separated by V-shaped, upward-widening arroyos. The flatirons are the remnants of formerly continuous summit lava flows that drape the steep outer flanks. Headward erosion of the arroyos has dissected the flows into steeply-dipping triangular wedges. Each arroyo has a fan shaped debris fan at its base. Lava flows of adjacent flatirons can be traced continuously to the break in slope that marks the beginning of the summit platform. The lavas are thin (<0.5 m) pahoehoe flows. Lava drips on the underside of some flatiron flows are vertical indicating that the flows maintain their primary dip and have not been appreciably deformed since solidification. These features indicate that erosion of the outer flanks is top down rather than by basal wave action [c.f. Rowland et al., 1994] . Although these unusual geomorphic forms are not abundant elsewhere in the Galápagos, upward-widening arroyos are common on the flanks of large tuff cones and thus are typical of steeply-dipping strata exposed to arid climate.
Caldera Floor Lavas
[17] The caldera floor sequence is exposed on cliffs below a flat bench that covers the upper half of the amphitheater floor (Figures 2 and 3 ). There has been some difference of opinion as to the nature of this bench and whether a caldera existed in Volcan Ecuador prior to sector collapse [McBirney and Williams, 1969; Simkin, 1984; Chadwick and Howard, 1991; Rowland et al., 1994] . The flows that crop out on this escarpment are thick (2 to 6 m), have flat primary dips, and have undergone almost complete vesicle segregation from massive interiors. All of these are characteristics of thick flows that ponded in the flat floors of other Galápagos calderas and were cut by renewed caldera faulting. Similar lavas that crop out in the caldera walls of Alcedo [Geist et al., 1994] , Cerro Azul , Fernandina [Rowland and Munro, 1992] , and Wolf volcanoes and have been coined ''caldera-filling facies''. Hence, we interpret this bench as the remains of a caldera floor and the cliff face bounding it to the east as the old caldera wall.
[18] A specimen from the lowermost of these lavas yields a 39 Ar/ 40 Ar plateau age of 50 ± 11 Ka. Another lava from this sequence yields a 3 He exposure age of 96 ± 2 Ka. As mentioned earlier, the stated uncertainty in the exposure age is analytical only; the time-integrated shielding from cosmic ray flux due to the steep caldera floor terrain is likely to be a major source of uncertainty in this case (shielding is assumed to lead to 50% reduction in production rate; Table 1 ). Nevertheless, the exposure age is in reasonable agreement with caldera rim flow 39 Ar/ 40 Ar ages (90-130 Ka).
[19] The origin of the west-facing escarpment that exposes the caldera floor flows is not known. It could be the fault plane bounding the headwall of the sector collapse. Alternatively, it could have been the face of a bench in the caldera floor, such as those that occur on other Galápagos shields and caused by multiple filling and caldera collapse events [Rowland and Munro, 1992; Naumann and Geist, 2000] .
Postsector Collapse Intracaldera Lavas
[20] Over a dozen flows have erupted from small cones and fissures from inside the former caldera since it was cut by sector collapse (Unit IC of Figure 2 ). Two groups of flows characterize this unit. First, several small cones and fissures erupted along an arc parallel to the caldera wall, on the upper level of the bench formed by the old caldera floor. Second, a set of fissures cutting the former caldera floor has poured out massive a'a lava flows that form the lowest bench and most of the west coast of the volcano. The ages of these lavas are unknown. They are certainly much younger than the oldest caldera floor flows (50 to 100 Ka), and the youngest ones which are almost completely unweathered, thus unlikely to be more than a few millennia old.
Palagonite Tuff and Basaltic Tephra
[21] Vents near the coast have produced two prominent tuff cones: Punta Vincenta Roca and Cerro Grande ( Figure 3b ). Cerro Grande is cut by two east-striking faults located on the south slope. Punta Vincenta Roca, located on the southwest tip of Volcan Ecuador, is extensively eroded and presumably the older of the two cones.
North Apron Lavas
[22] To the north of the main edifice lies a broad coastal apron, extending about 2 km from the old volcano to the coast. These lavas are dominantly a'a, but tube-fed pahoehoe also occurs. Most vents abut the old shield, and the apron lavas unconformably overlie the flows of the old shield. The youngest lavas are probably no more than a few centuries old: they are virtually unweathered and unvegetated.
East Rift Lavas
[23] Volcan Ecuador has one of the best-developed rift zones in the entire Galápagos archipelago. This rift forms a 6 km-long, 4 km wide isthmus that connects Volcan Ecuador to the flanks of Volcan Wolf. The ridge crest includes three sets of eruptive fissures, each about 3 km long and which diverge from one another down slope to the east. East Rift lavas are a mix of a'a and pahoehoe that flowed perpendicular to the fissures and form thin, narrow flows that are 1 to 2 km long; most reach the coast.
[24] Rift flows cover older flows from the base of the shield yet deflect around the debris fans asso- ciated with the arroyos, indicating that the subaerial erosion of the outer shield was occurring prior to the development of the East Rift. The East Rift lavas are almost completely unweathered and are morphologically the youngest on the volcano (although possibly contemporaneous with the north apron and intracaldera lavas). A single 3
He exposure age of an East Rift pahoehoe lava yields a maximum age of 800 years (because cosmogenic helium is below detection; Kurz and Geist [2000] ). Geologic observations, and comparison with historical lava flows, suggest that most of the East Rift lavas are no more than several centuries old.
Structural and Morphological

Development of Volcan Ecuador
[25] Four stages of growth are apparent in the volcanic evolution of Volcan Ecuador (Figure 4 ).
Stage 1: Submarine Growth
[26] Little is known about the submarine growth of Volcan Ecuador, but it had to have grown >3000 m from the abyssal depths to the west, plus any amount the volcano has subsided. The recent DRIFT04 cruise has provided detailed bathymetric and side-scan sonar images of the submarine flanks of the volcano, and those results are forthcoming [Fornari et al., 2001] .
Stage 2: Shield Building
[27] As Volcan Ecuador emerged above the sea, it took on the classic form of a Galápagos shield. It did this by erupting low-volume flows of pahoehoe from a circumferential fissure system established along the caldera rim. A caldera probably has existed through all of the emergent growth of the volcano. The gravitational stresses imposed by the caldera wall and steep outer slopes result in persistent circumferential eruptive fissures. These vents are not exposed, but the dikes that fed them crop out in the caldera wall. Small-volume eruptions from these fissures form steep upper slopes on the flanks of the volcano [Simkin, 1972] . Eruptions from within the caldera produced lavas that ponded within the caldera, occasionally partly filling it. At about 100 Ka, Volcan Ecuador had the morphology of an asymmetric Galápagos shield (lower to the west), with outer slopes of about 25°, a flat summit rim, and a 600 m deep caldera. Radial lower flank fissures, comparable to those of the other western Galápagos shields, are notably absent from Volcan Ecuador. However, the lower flanks of the volcano are either covered by the young flows of the East Rift and North Apron, or are under water.
Stage 3: Sector Collapse
[28] Because it grew on the edge of a steep, 3000 m high submarine escarpment, Volcan Ecuador was highly susceptible to large-scale mass wasting, similar to the prodigious landslides that occur around the Hawaiian islands [Moore et al., 1989] , Tenerife [Marti et al., 1997] , and Reunion [Duffield et al., 1982] . Volcan Ecuador experienced one or more catastrophic sector collapse events, the net effect of which was to remove the entire western half of the volcano. The age of the sector collapse is not known, but it probably took place near the time that the shield-building phase of the volcano waned, at about 100 Ka. The extent of the downdrop and run-out is unknown, but slip had to have been at least 800 m and runout over a kilometer, as evidenced by the absence of any slide remnants along the west coast. In fact, it is likely that the entire half of the volcano slid to abyssal depths of over 3000 m. The DRIFT04 cruise [Fornari et al., 2001] imaged the seafloor to the west of Volcan Ecuador with side-scan sonar, and some hummocky terrain is apparent to a distance of about 20 km from the west coast, but most of the submarine slope is obscured by young lava flows.
[29] Whether sector collapse occurred in a single or multiple events is difficult to judge. Volcanic activity on the caldera rim and from the caldera floor effectively ceased by about 100 Ka. The most likely reason for this cessation is sector collapse: with loss of the western half of the volcano, magmas no longer rose to the summit, as they found easier outlets at low elevation.
[30] Poland [2001] has recently suggested that the circumferential diking pattern of Galápagos-type shields is due to the stresses imposed by loading of dense rocks beneath the caldera floor. In contrast, others have contended circumferential dikes are due to radially-developed tension set up by the caldera walls and steep outer slopes [Simkin, 1972; Chadwick and Howard, 1991; Naumann and Geist, 2000] . The coincidence of sector collapse with the cessation of eruption from circumferential vents points to the second hypothesis.
[31] Sector collapse is known elsewhere in the Galápagos, for example on the southwest flank of Cerro Azul volcano , the west face of Pinta [Cullen and McBirney, 1987] , and the west face of Santa Fe [Geist et al., 1985] . Although sector collapse in the Galápagos is not as common or voluminous as in Hawaii, Volcan Ecuador is a particularly dramatic example, and catastrophic collapse events appear to be a common feature of volcanic evolution in the Galápagos, and perhaps in the evolution of oceanic volcanoes generally.
Stage 4: Rejuvenation and Rift Zone Development
[32] Following sector collapse, volcanic activity from the caldera rim dropped dramatically. Lower elevation vents on the old caldera floor were established, a focused rift zone was constructed to the east, and an apron built to the north.
[33] The East Rift zone results from stresses created by the loads of Volcan Ecuador and nearest-neighbor Volcan Wolf [Chadwick and Dieterich, 1995] . Once a ridge was built, magmas were focused into the rift by the weight of the ridge itself. While it is impossible to say when the East Rift began to develop, its lavas clearly overlie those of the dissected shield, and the pit craters related to East Rift fissuring cut the youngest lavas of the shield; we suspect that the shift in vent locations to the East Rift coincided with sector collapse, although a long hiatus could have occurred. Before the rift zone was constructed, Volcan Ecuador was an isolated island, separate from Isabela. This ridge now serves as a land-bridge for the biologic colonization of Volcan Ecuador: although it never (so far as is known) has been populated by tortoises, it is home for terrestrial iguanas apparently of Wolf stock (H. Snell, personal communication, 2001 ).
[34] Rowland et al. [1994] proposed that the steep outer flanks of Volcan Ecuador resulted from marine erosion during a prolonged period of inactivity (20,000-30,000 years). While wave cutting may well have accentuated primary steep slopes, particularly on the south side of the volcano, we find no evidence (wave-cut terraces, beach deposits) for such action. We suggest instead that the eroded appearance of Volcan Ecuador, results not from a hiatus of volcanic activity and marine erosion, but from a shift in volcanic activity from the summit to the flanks and a ''top down'' erosional style accelerated by periodic El Niño climatic events. The steep outer slopes of Volcan Ecuador's former shield are due principally to construction, with highest accumulation rates at the summit, a process originally proposed by Simkin [1972] .
Petrology and Geochemistry
Analytical Techniques
[35] Bulk rock analyses (124) of major elements and Ni, Cr, Sc, V, Ba, Rb, Sr, Zr, Y, Nb, Ga, Cu, Zn, Pb, and Th were performed by XRF in the Geoanalytical Laboratory at Washington State University (Table 2 [ Johnson et al., 1999] ). Blind triplicate analyses yield reproducibility at levels of <1% RSD for the major analytes and <5% for the trace elements, except Rb, which has a standard deviation of 12% at these low concentrations. After all of the analyses were completed, it was discovered that the Li-tetraborate used to prepare some of the samples had been contaminated with Cr and Ni (but no other analyte in measurable quantities). Cr and Ni analyses of the affected samples were therefore discarded. The contaminated material was not used for isotopic or ICP-MS analyses.
[36] Additional trace element analyses were carried out using the Hewlett-Packard HP4500 ICP-MS at Colgate University (Table 3 ). All chemical procedures were conducted in HEPA-filtered Plexiglas clean boxes using prepurified reagents and ultra- Harpp and White, 2001; Longerich, 1993] . The solution was evaporated to dryness, and the solid residue dissolved in 2.5 mL HNO3, transferred to 250 mL polyethylene bottles, and diluted with water. The final solution is a thousand-fold dilution of the original sample in a $1% HNO3 solution. Between 5 and 8 replicate analyses were carried out on each sample. Measurements were made using a nonlinear drift correction procedure and external calibration against matrix-matched standards as described by Cheatham et al. [1993] . Additional signal noise was corrected using an on-line internal standard correction (1:20 dilution of a 1 ppm 133Cs solution) [e.g., Eggins et al., 1997] . Contributions from polybaric oxide and doubly-charged interferences were consistently below 1%.
Geochemistry Geophysics
[37] Sr and Nd isotope ratios were analyzed at Cornell University using a FISONS Sector-54 thermal ionization-mass spectrometer (Table 4) . Analytical and separation methods are the same as reported in White et al. [1993] . All samples were leached in HCl before separation to remove sea salt and other contaminants. Hf isotope ratios were determined by multicollector inductively coupled plasma mass spectrometry (MC-ICP-MS) using a VG Plasma 54 at ENS Lyon [Blichert-Toft and . Pb isotope ratios were analyzed using two methods. The first was conventional thermal ionization mass spectrometry using the Cornell Sector 54 instrument and the same methods described in White et al. [1993] . The second was MC-ICP-MS using the VG Plasma 54 at ENS Lyon. The method used, and a comparison between MC-ICP-MS and thermal ionization results, are reported in detail in White et al. [2000] . To avoid contamination during grinding, only rock chips were used in Pb analysis.
Major Element Compositions
[38] Ecuador basalts are transitional between alkaline and tholeiitic, lying close to the MacdonaldKatsura line on an alkali-silica diagram with small amounts of normative nepheline or hypersthene ( Figure 5 ). Compared to lavas from nearby Volcan Wolf , they are richer in K and Na and all of the incompatible trace elements.
[39] Volcan Ecuador basalts have a wide range in MgO, from 19.0 to 4.8%, in contrast to Fernandina, Wolf, and Sierra Negra volcanoes, each of which has a very narrow range of MgO [Allan and Simkin, 2000; Geist et al., 2000; . Probably the most outstanding geochemical attribute of Ecuador lavas is that they are very rich in Al 2 O 3 ( Figure 6 ). All lavas with Al 2 O 3 > 16% have abundant plagioclase phenocrysts and a strong correlation between Al 2 O 3 and Sr/Y, best explained by accumulation of plagioclase into basaltic liquids with 14% < Al 2 O 3 < 16%. Because many Ecuador lavas have been strongly affected by plagioclase accumulation, the molar MgO/(MgO + FeO*) ratio (Mg#; expressed in percent) is used as a differentiation index. Also, several of the diagrams (e.g., 
Petrography and Mineral Chemistry
[41] Most Ecuador basalts are plagioclase-phyric, with up to 20% plagioclase phenocrysts up to 4 mm in length. Olivine phenocrysts, many with chromium spinel inclusions, occur in the basalts with high MgO, but most lavas have sparse or no olivine I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I   I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I Ca/Al I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I [Ghiorso and Sack, 1995] . phenocrysts. Many samples contain small augite phenocrysts.
K2O Mg#
[42] Little relation exists between the compositions of the cores of plagioclase phenocrysts and the whole rock compositions (Figure 7) . The most common type of zoning profile is one of sharp irregularities superimposed on a relatively constant core composition (Figure 8, top) or broad normal zoning (Figure 8, bottom) . The irregularities tend to be several tens of microns thick and with magnitudes >5 mole% An, which are likely due to changes in the growth environment (e.g., different compositions of liquids) rather than boundary layer diffusional effects [Pearce and Kolisnik, 1990] .
[43] All analyzed olivine grains are normally zoned (Figure 9 ). In lavas with Mg# 60, olivine cores have compositions that are in equilibrium with liquids whose compositions are the same as that of the bulk rock. The more primitive lavas contain olivine that is richer in iron than would be in equilibrium with liquids with the bulk rock compositions.
Isotopic and Trace Element Geochemistry
[44] Isotope ratios of Volcan Ecuador basalts show significant variation, well beyond analytical error (Table 4 ; Figure 10 ). Nevertheless, the range for all isotopes is much less than that for the archipelago as a whole. One sample from the East Rift, E95-13, is anomalous, plotting well outside fields defined by all other Ecuador samples and within the fields of lavas from Volcan Wolf. This is an example of an ''illegitimate magma'' produced by the intrusion of Wolf magma into the Volcan Ecuador system , and it excluded from the discussion. With this exception, Ecuador basalts define isotopic arrays cen- tered within a triangular region with apices defined by Wolf, Sierra Negra, and Pinta isotopic compositions.
[45] Small differences in isotopic composition relate to the stratigraphic units defined earlier: the older basalts, those from the caldera rim series and the old caldera floor tend to have more depleted isotopic signatures and plot closer to the Wolf and MORB arrays than do the recent basalts (East Rift, northeast apron, and postsector collapse intracaldera series). There appears to be little, if any, difference in the isotopic compositions of contemporaneous groups (e.g., East Rift and northeast apron) (Figure 10 ).
[46] All lavas are light rare Earth-enriched and have nearly parallel chondrite normalized rare Earth patterns ( Figure 11) ; absolute concentrations of the rare Earth elements range about two-fold.
Variations in incompatible element concentrations are also limited, with most having about a two-fold variation. Incompatible element ratios are typical of oceanic basalts, e.g., Nb/Ta averages 17.27 ± 7%, Zr/Hf averages 41.5 ± 3%, Nb/U averages 44.7 ± 10%, Pb/Ce averages 0.034 ± 11%, Th/U averages 3.30 ± 5%, Ba/Nb averages 5.98 ± 10%, and Nb/Zr averages 0.127 ± 12%. The East Rift lavas tend to be slightly more light rare Earth enriched ( Figure  11 ) and have higher Nb/Zr at a given Nb concentration (Figure 12 ).
Long-Term Compositional Evolution
[47] The long-term ($100,000 yr) evolution of Volcan Ecuador can be evaluated by comparing the compositions of the major stratigraphic units (Figures 5, 6 , 10, and 12). The few consistent differences between the different stratigraphic units may be summarized as follows: (a) a. Most Figure 10 . Correlation between isotopic ratios of Volcan Ecuador lavas. Also shown are fields of Wolf, Floreana, Sierra Negra, and Pinta isotopic values, which are close to the extremes of Galápagos compositions [Harpp and White, 2001; Blichert-Toft and White, 2001] . Figure 11 . Chondrite-normalized rare Earth patterns of Volcan Ecuador lavas. Shaded area shows the range of patterns in 11 lavas from the caldera-rim series. of the ''primitive'' lavas (Mg# > 55) are from the East Rift and north apron; these also tend to have lower Al 2 O 3 (Figure 6 ). The vast majority of the caldera wall, caldera floor, and younger intracaldera lavas are part of the steady state series and have exceptionally high Al 2 O 3 ( Figure 5 ). (b) The incompatible elements (e.g., Ba, Zr, Nb, Y, Ti, REE, and K) form predictably negative correlations with Mg# (Figures 5 and 12) . Seven of the caldera wall samples have unusually low Ti and K contents for their Mg# ( Figure 5 ). (c) Among the younger lavas, there is a systematic difference in Nb/Zr ratios, with the East Rift lavas having a higher value than the north apron and intracaldera lavas (Figure 12 ). Nb/Zr ratios of the older caldera wall and caldera floor lavas span the entire range of the younger ones. (d) The East Rift lavas (along with a few samples from the other units) (Figure 12) . (e) On average, the lavas of the older edifice have isotopic ratios that suggest their sources were richer in a Wolf (depleted) component (Figure 10 ) than postcollapse lavas. Those of the East Rift are richest in the Sierra Negra component, even though the East Rift bounds Volcan Wolf, and at least one Wolf dike has intruded it .
Short-Term Compositional Evolution
[48] The bulk of the volume of Volcan Ecuador is made up of the old shield, and this unit is well exposed by both the caldera wall and outwardfacing cliffs. As discussed above, this sequence erupted over a limited time span, perhaps on the order of 50,000 years, with no observed disconformities. The variations of several compositional parameters with stratigraphic height are indicated in Figures 13-17. [49] The most notable feature of the caldera wall section is the remarkably small range in Mg# (from 43 to 55); without exception, the lavas are of the ''steady state'' variety ( Figure 13 ). The two sections from the eroded outer flanks contain some higher-Mg# lavas, suggesting that different reservoirs fed at least some of these flows.
[50] K and Nb concentrations increase broadly with stratigraphic height in the caldera wall section, but the broad trend is superimposed on erratic flow-byflow variations that are greater than two-fold (Figures 14 and 15 ). K and Nb from the first outer flank section overlap with the middle and upper parts of the caldera wall section. In contrast, K and Nb concentrations of the second outer flank section start at the high end of the caldera wall section and extend to higher values. The broad increase in incompatible elements in the caldera wall section is not accompanied by a systematic change in trace element ratios, such as Nb/Zr and La/Sm ( Figure  14) , which have erratic, high frequency fluctuations. In contrast, the Sc/Y ratio decreases with stratigraphic height (Figure 16) , and, in fact, there is strong correlation between Sc/Y and [Nb] in the caldera wall section (Figure 16 ).
[51] Isotopic variations in the stratigraphic sections are also irregular. With the exception of the bottommost sample, the caldera wall section shows an apparent decrease in 87 Sr/ 86 Sr with time, opposite the net long-term trend discussed above (Figure 17) . The second outer flank section shows an apparent increase in 87 Sr/ 86 Sr. If this section is younger than the caldera wall section, then the isotopic evolution is not unidirectional, but cyclic. The other isotopic systems show similar changes, but their magnitude is smaller, only slightly beyond analytical precision.
Discussion
[52] The parallel nature of the rare Earth patterns, consistency of mass balance models to the observed compositional variations (Figure 5) , and the absence of significant correlations between elemental concentrations and isotopic ratios suggests most of the compositional variation of Volcan Ecuador magmas is due to fractional crystallization. In addition to simple removal of crystals from a cooling magma, there is much evidence for crystal accumulation in previously-evolved magmas. plagioclase but is unlikely to be produced by fractional crystallization (many of the high-Al and high Sr/Y lavas have relatively low Mg#). (e) There is no relation between the compositions of plagioclase cores and the bulk-rock composition (Figure 7) . All plagioclase-phyric lavas contain plagioclase with a range in compositions and erratic zoning patterns (Figure 8 ).
Petrologic Evolution During Shield Growth
Plagioclase Accumulation
[54] These observations are all consistent with the idea that plagioclase contained in many of the lavas grew from discrete batches of magma, which had different temperatures and compositions. These plagioclase crystals then accumulated by flotation (or at least neutral buoyancy) in the shallowest part of the magmatic plumbing system, likely a subcaldera magma chamber. The density of an anhydrous parental Ecuador magma (Mg# = 61; T = 1163°C; P = 100 b) is calculated to be 2.69 gm/ cm 3 [Lange and Carmichael, 1990] , and the density of An 85 at the same temperature is 2.65 gm/ cm 3 . After cooling 20°and the consequent crystallization, the liquid's density increases to 2.70 gm/ cm 3 , enhancing flotation. The concentration of water in Galápagos magmas is not known, but a reasonable estimate would be 0.5 to 1%. This amount of water would lower the liquid's density by 0.03 to 0.06 gm/cm 3 [Ochs and Lange, 1999] . Thus, the difference in density between plagioclase and liquid in these magmas is minute. MgO (Figure 12 ) is also evidence that the lavas with Mg# > 62 formed by olivine accumulation [Hart and Davis, 1978] . Most of the olivine-accumulative lavas are from the East Rift, but two are from the outer flanks of the presector collapse shield.
Olivine Accumulation
Thermal Regulation
[56] So long as olivine and pyroxene are the only mafic minerals crystallizing, Mg# decreases with decreasing temperature. The remarkable uniformity of the Mg# of the lavas exposed in the caldera wall (between 42 < Mg# < 55) corresponds to a temperature variation of only 45°C (1160°to 1115°C), as calculated using the Melts algorithm [Ghiorso and Sack, 1995] . The small amount of temperature variation and lack of systematic compositional trends suggest that most Ecuador magmas have passed through a well-regulated thermal environment prior to eruption, a process that has already been noted at Sierra Negra , Fernandina [Allan and Simkin, 2000] , and Wolf volcanoes . We suggest that the subcaldera magma chambers at these volcanoes are in a thermal and chemical steady state, whereby heat loss and material transfer by crystallization and eruption are balanced by input.
Dominant Control is by Augite Fractionation
[57] The general increase in incompatible element contents (Figures 14 and 15) , the decrease in Sc/Y (Figure 16 ), and correspondence between Sc/Y and incompatible elements in the caldera wall section (Figure 16 ) are best accounted for by clinopyrox- ene fractionation that generally increased with time. Trace element modeling suggests further that the shield-forming magmas were not likely to be multiply-saturated during the major episode of crystallization: the covariation of Sc/Y and incompatible elements requires a clinopyroxene-rich assemblage to have fractionated ( Figure 16 ) and precludes low pressure gabbroic fractionation. A calculated P-T phase diagram (using thermodynamic calculations in Melts [Ghiorso and Sack, 1995] ) of a relatively primitive aphyric East Rift lava (Mg# = 61) shows that plagiocase is the liquidus phase at low pressure ( Figure 18 ). Clinopyroxene replaces plagioclase as the liquidus phase at about 0.2 GPa and progressively dominates the crystallizing assemblage with increasing pressure.
[58] There are two possibilities to explain the increasing clinopyroxene fractionation with time: either the magmas simply cooled and crystallized to greater extents as the volcano evolved, or the magmas crystallized at progressively greater depths with time, with a consequent increase in the stability of augite (Figure 18 ). We prefer the second explanation, because the caldera wall lavas show a poor correspondence between Mg# and Sc/Y ( Figure  12 ), and there is no apparent stratigraphic trend to lower temperature as judged from Mg# ( Figure 13 ). These considerations and the phase diagram suggest that the level at which Ecuador magmas cooled and fractionated increased from about 6 km to greater depths as the shield grew to its maximum height. Estimates of changing phase equilibria with depth led Geist et al. [1998] to conclude that the East Rift magmas underwent fractional crystallization at 0.3 GPa.
[59] The low Mg# and Ni contents of all of the nonaccumulative lavas indicate that substantial olivine fractionation has also taken place since derivation in the mantle. It is not possible to say whether fractionation occurred during the higherpressure, augite-dominated crystallization regime or the lower-pressure plagioclase-dominated system, or both. Given the uncertainty of the possible compositions of the primary magmas, it is impossible to estimate the amount of olivine crystallization that might have occurred.
Residence Time and Magma Chamber Size
[60] The high frequency fluctuations of incompatible trace element ratios such as Nb/Zr (Figure 15) with stratigraphic height provide evidence for the size of the magma body beneath Volcan Ecuador's caldera. The volume of a magma reservoir can be estimated by the fluctuations in the magmas' compositions and eruptive rates through the use of residence time analysis [Albarede, 1993; Pietruszka and Garcia, 1999b] . The residence time is estimated by the formula for isotopic or incompatible trace element ratios [Albarede, 1993] : where t res is the magma residence time in the magma chamber, C 2 is the concentration of the element in the denominator of the elemental ratio, superscripts res and in refer to resident and input magma, R is the isotopic or trace element ratio, and dR/dt is the rate of change of that ratio. Our calculations use the Nb/Zr ratio, and note that some of the largest fluctuations are between adjacent samples (Figure 15 ). If we assume that these fluctuations are due to mixing between the most extreme compositions at Volcan Ecuador, the left hand ratio is roughly 2, dt becomes the interval between samples, and the numerator and dR cancel. Our best estimate for the interval between samples is about 1000 years (50,000 yr/50 sampled flows). Thus the residence time is on the order of 2000 years. This is a maximum estimate; less extreme contrasts between the intruding and resident magmas would lower this estimate to 1000 years.
[61] The volume of the magma reservoir can be calculated as the product of the residence time and the supply rate (assumed to be equivalent to the eruption rate). The volume of the presector collapse shield is about 25 km 3 , thus the eruption rate on the order of 5 Â 10 5 m 3 /yr. This estimate is well within the range of those of the other western shields that have been studied in detail (as compiled by Naumann and ). With a liberal estimate of the residence time of magma in the chamber of 2000 yr, the chamber size is on order of 0.1 km 3 . If the magma reservoir is a sill whose diameter was that of the presector collapse shield caldera floor [Amelung et al., 2000] , then it could be no more than 120 m thick. This thickness is strikingly similar to the magma ''lens'' thickness at 9°N on the East Pacific Rise estimated by seismic imaging [Forsyth et al., 1998 ].
[62] The characteristic cooling time for a hot body is:
where l is the length scale and k is the specific thermal conductivity of rock (taken to be 10 À6 m 2 /s here). For a 100 m thick sill, the cooling time is on order of 300 years. This appears to be discrepant by over 100-fold with the estimated duration of the shield building phase of Volcan Ecuador. It is also at odds with the observation that the Mg# (a strong function of temperature) in these magmas was buffered during shield growth. In other words, although Volcan Ecuador's magma body appears to be in a thermal steady state, it is in a constantly fluctuating chemical one.
[63] One possible resolution of the discrepancy is that the 100 m thick sill overlies a much larger magmatic system, so the length scale is much larger than 100 m. It was documented above that the lavas of the old shield evolved by extensive olivine and clinopyroxene crystallization in the deep crust and upper mantle before undergoing plagioclase-dominated crystallization in the shallow sill. Because we have no idea of the composition of the primary magmas, the extent of the deep cumulate layer is difficult to estimate. For the cooling time to be increased 100-fold, the thickness of the magma body must be 10 times greater, and >90% crystallization from the primary magma to create the erupted basalts is surely excessive.
[64] Another (but not exclusive) resolution is that in all of the calculations above, we assume that all magma is erupted, and surely there must be a considerable intrusive complex of unerupted magma in addition to the cumulates that comple- Figure 18 . Synthetic P-T phase diagram constructed using Melts [Ghiorso and Sack, 1995] . Composition used is an East Rift specimen with Mg# = 61. ment the erupted lavas. One possibility is that there was a plexus of sills beneath the caldera that were not in chemical communication but whose heat flow buffered the interior of the volcano to roughly 1150°. In any event, these calculations suggest that only about 10% of all magma is erupted, a finding consistent with crustal thickening on order of 4 to 8 km over the entire Galápagos Platform [Feighner and Richards, 1994] .
Mantle Sources
[65] Isotopic variations such as those depicted in Figure 10 are almost certainly due to mixing either within the mantle or between melts produced from different parts of the mantle. In the Galápagos, isotopic variation has been attributed to mixing between a heterogeneous mantle plume and the asthenosphere entrained by it [Geist et al., 1988; White et al., 1993; Kurz and Geist, 2000; Harpp and White, 2001; Blichert-Toft and White, 2001] . If this interpretation is correct, the Volcan Ecuador source is a mixture of 30% depleted asthenosphere (e.g., the Wolf source) and 70% mantle plume (e.g., Sierra Negra source), with no appreciable differences in ratios between Sr, Nd, Pb, and Hf in the two sources. These proportions have changed only slightly through the 100,000 years of Volcan Ecuador history that we have been able to sample.
[66] Nevertheless, subtle variations in isotopic ratios over this period do occur. Figure 17 shows that the Sr isotopic ratios of the caldera wall lavas decline steadily, punctuated by sharp increases at the base and top of the section. [67] In the past 100,000 years, plate motion has carried Volcan Ecuador roughly 4 km to the east relative to the hot spot, that is, toward the mantle source supplying Wolf Volcano. On the basis of the geographic pattern of isotopic variation in the Galápagos [Geist et al., 1988; White et al., 1993] and the more incompatible element-depleted character of Wolf lavas, we would have predicted that the source of Volcan Ecuador lavas would become more isotopically-and incompatible elementdepleted with time. However, the net change is to a more incompatible element-and isotopicallyenriched source. There are a number of possibilities for this inconsistency. The simplest one is that that small-scale heterogeneity is superimposed on the more regular large-scale geographic pattern of isotopic variation. If this is correct, the temporal isotopic variations provide evidence of small-scale (<3 km) spatial heterogeneity in the mantle beneath the Galápagos. If mixing occurs between melts rather than sources, small variations in simple physical factors controlling melt migration might cause random variations in the proportions of each end-member in a mixed melt. For example, different magma ascent paths could produce short-term temporal variations by varying the extent of reaction between an ''enriched'' magma and ''depleted'' wallrock (or visa versa) [Reiners, 1998 ]. Conceivably, the variation might be cyclical, with the trend of the cycles starting with relatively enriched compositions and steadily decaying to a more depleted one. This is consistent with initial melting of enriched material with a slightly lower solidus that is steadily diluted with melt from more depleted rock with a slightly higher solidus [e.g., Morgan, 1999] . At present, there is simply not enough evidence to decide between these possibilities.
Volcanologic and Petrologic Effects of Sector Collapse
[68] One might expect that the catastrophe of half of the volcano sliding away might have an effect on the volcanic plumbing system. The most obvious one is that it changed the locus of eruptive vents. Prior to sector collapse, most eruptions were from circumferential fissures along the caldera rim and from the caldera floor. After sector collapse, most eruptions were from the former caldera floor and the north apron, and the East Rift formed. Only a few eruptions took place from high on the old shield after the sector collapse.
[69] A fundamental difference between the shield lavas and the younger lavas is that there is a disproportionate number of younger lavas with high Mg#, whereas the shield lavas are all of the steady state variety ( Figure 5 ). Our interpretation is that prior to sector collapse, almost all of the magmas passed through a long-lived, persistent magma chamber that was in a thermal and compositional steady state, and any accumulated or earlycrystallized olivine settled out during late-stage residence in the shallow magma body. The sector collapse either perturbed that magma chamber, or it altered the stress regime such that some magmas began to bypass the reservoir, and they erupted carrying olivine that crystallized at higher temperature, or olivine that was picked up from the thick cumulate pile.
[70] Another aspect of these younger lavas is that some of them do not lie on the trends formed by the shield building lavas on diagrams of Ca/Al and Sc/ Yversus. Mg# (Figures 5 and 12 ): they are displaced to higher Mg#. The most likely explanation for this is that the older caldera wall and younger East Rift magmas may take different P-T paths as they ascend through the lithosphere. The caldera wall magmas cooled and fractionated at progressively greater depths, with increasing amounts of clinopyroxene removal. In contrast, some of the younger lavas cooled and crystallized at shallow levels, with olivine + plagioclase fractionation, while others cooled and crystallized at deeper levels where augite played an important role.
[71] The subtle changes in the lavas' compositions between the presector collapse shield and the younger lavas are best developed in the East Rift lavas. These have the most enriched isotopic compositions, highest ratios of Nb/Zr and La/Sm, and the highest Mg#. Also, the East Rift lavas are not as strongly affected by plagioclase accumulation as the older shield lavas and the younger intracaldera and north apron lavas, but most of the olivineaccumulative are from East Rift ( Figure 5) . Most of the north apron and younger intracaldera lavas are not substantially different from the lavas of the old shield. Thus, instead of simply destroying the magmatic plumbing system, the sector collapse may have simply changed the magmas' lithospheric pathways. Prior to sector collapse, all magmas passed through the subcaldera magma reservoir, where they attained the steady state magma composition and were strongly affected by plagioclase accumulation. More recently, some of the magmas, particularly those that are generated in a slightly enriched part of the mantle to the east of the old caldera, ascend to the surface without extensive cooling, crystallizing, and homogenizing through mixing en route.
Conclusions
[72] The older phase of volcanism at Volcan Ecuador built a Galápagos-type shield volcano, with steep flanks and a large caldera. The magmas making up the shield underwent two stages of cooling and crystallization. In the lower crust and upper mantle, clinopyroxene fractionation was dominant. The magmas then resided in a shallow subcaldera magma chamber, which is likely to be a sill on the order of 100 m thick. In the subcaldera sill, plagioclase and olivine crystallized along with clinopyroxene, and many of the lavas have accumulated plagioclase owing to its buoyancy in the shallow magma chamber.
[73] A catastrophic sector collapse bisected the volcano, which disrupted the magmatic plumbing system and changed the focus of the eruptions from the summit to the former caldera floor, a northern apron, and the East Rift. The lavas of the younger phase are compositionally more diverse than the older ones, reflecting less efficient thermal and chemical buffering in a shallow magma chamber.
[74] Subtle variations in isotopic composition provide evidence for variation in source composition over last $100,000 years. The net change has been toward a more incompatible element-depleted source, which is opposite to the change that would be predicted from plate motion and regional isotopic patterns. As shorter term isotopic variations are nearly as great as the total range of variation, this change is most likely due to small-scale ( 4 km) mantle heterogeneity, or to variation in the proportion of melt derived from plume and asthenospheric components.
[75] The most important implication of this study is that the extent of systematic compositional evolu- tion at Volcan Ecuador is small, and the question of whether any of the Galápagos volcanoes evolves in a style similar to the Hawaiian example remains doubtful. Detailed study of most of the volcanoes is now complete and has yet to reveal such evolution, thus suggesting that the compositions of magmas, and hence the nature of the source and the thermal evolution of the magma during ascent, do not substantially change as the volcano grows and eventually goes extinct. 
